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ABSTRACT 

We employ panoramic, multicolour (BRz 1 ) and narrow-band Ha imaging of the clus- 
ter CI 0024.0+1652 (z = 0.39) from Subaru covering a ~ 30 arcmin field, to determine 
cluster membership and star formation rates for a large sample of galaxies across a 
wide field in the cluster, ~ lOMpc. We use photometric redshifts to identify cluster 
members, and statistically correct for the residual field contamination using similar 
data from the Subaru Deep Field. We detect over 500 galaxies in narrow-band emis- 
sion, with broad-band colours consistent with them lying at z ~ 0.39. Using this 
sample we determine the Ha luminosity function within the cluster and find that its 
form is approximately independent of local density, and is consistent with that seen in 
the intermediate redshift field population. This suggests that any density-dependent 
physical mechanisms which alter the star formation rate must leave the Ha luminosity 
function unchanged; this is possible if the time-scale for star formation to cease com- 
pletely is short compared with a Hubble time. Such short time-scale transformations 
are also supported by the presence of a population with late-type morphologies but 
no detectable Ha emission. The fraction of blue galaxies, and the fraction of galax- 
ies detected in Ha, decreases strongly with increasing galaxy density in a manner 
which is qualitatively similar to that seen at lower redshifts. This trend is significantly 
steeper than the trend with galaxy morphology observed from a panoramic Hubble 
Space Telescope image of this cluster; this suggests that the physical mechanisms re- 
sponsible for transformations in morphology and star formation rates may be partially 
independent. Finally, we compare our data with similar data on clusters spanning a 
range of redshifts from 0.2 <J z <J 0.8 and find little evidence for a trend in the total 
amount of star formation in clusters with redshift. Although the data can accom- 
modate strong evolution, the scatter from cluster to cluster at fixed redshift is of a 
comparable magnitude. 

Key words: galaxies: clusters — galaxies: evolution — galaxies: clusters: individual 
CI 0024.0+1652 



1 INTRODUCTION 

The correlation between average stellar population age, 
star formation rate, and galaxy environment at low red- 
shift has recently been established quantitatively, thanks to 
large redshift surveys | Lewis^t aLj [2002^ [Gome^t alj[2003t 
iHogg et alJl2004 iBaldrv et alJl2004 iBaloeh et alJl2004rl . 
To first order, the galaxy population is made up of two types: 
one with blue stellar populations and active star formation, 
and a second, quiescent one with redder colours. Although 
the average colour and star formation rate of the blue pop- 



ulation is approximately independent of environment, the 
relative fraction of these galax ies decreases strongl y as the 
local galaxy density increases fealogh et al.ll2004allbh . This 
correlation exists on all density scales, even in low-density 
regions well outside the cores of rich clusters. 

The next ste p is to measure how thes e relationships 
evolve with time. iButcher fc Oemlerl lll978afl were the first 
to present convincing evidence that galaxies in dense clus- 
ter cores were bluer in the recent past than they are to- 
day. However, the subsequent detection o f a similar type o f 
evolution in the general field population jLillv et aUll996h 
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means that we do not know how much of this evolution 
is due to external forces (i.e. the environment) and how 
much is due to normal galaxy evolution by, for example, the 
gradual consumption of available cold gas. To resolve this 
question requires measurements of the correlation between 
galaxy stellar populations and environment at a series of 
redshifts. Early attempts at this used sparsely sampled red- 
shift surveys of clusters to correlate galaxy star formation 
rates with environment (e.g . lBalogh et alll997tlFisher et alJ 
ll99Sl:lPoggianti et al.ll999l) . These studies showed that, even 
at 2 ~ 0.5 there are few emission line galaxies within clus- 
ters, relative to the surrounding field, even ~ 1 Mpc from 
the cores. In particular, they find relatively large popula- 
tions of red galaxies with mid/late-type disk morphologies 
but no signs of star formation; suc h galaxies are rarely seen 
in the field (IPoggianti et al.lll999h . Unfortunately, the lim- 
ited fields of view of these studies meant it was impossible 
to identify where the star formation in in-falling field galax- 
ies is terminated, or to relate this to any changes in their 
morphologies. A key requirement for making progress is to 
trace the star-forming population within clusters across very 
large distances and hence a wide range of environments, out 
to the turn-around radius (> 5 Mpc). 

Most observations of clusters at intermediate redshift 
have relied on the [On]A3727 emission line as a tracer of 
star formation. As has frequently been pointed out, the [On] 
emission is severely affected by dust extinction and metal- 
licity; thus, another explanation of the apparently passive, 
red spiral galaxies in distant clusters could be that they 
are more highly extincted or metal-poor than disk galax- 
ies in the field. For this reason, Ha has been more recently 
used to study the distribution of star formation within high- 
density environments, particularly at z < 0.5 where the ob- 
served wavelength lies in the visible spectrum. One such 
programme which obtained a deeper, more complete mea- 
surement of the star formation activity in clusters involved 
deep, ultraplex spectroscopic surveys of narrow wavelength 
range s, targetting Ha emission in cluste rs at z ~ 0.2-0.3 
jCouch et al] l200ll; iBaloeh et aTll2002tJ) . This provides a 
very sensitive probe of the Ha luminosity function on ~ 7 ar- 
cmin (2-4 Mpc) scales within intermediate redshift clusters. 
These measurements have shown that, while the fraction of 
galaxies detected in Ha remains low even ~ 1 Mpc from 
the cluster centre, at least the shape of the bright end of 
the Ha luminosity function is approximately independent of 
environment. 

One particularly powerful approach to surveying Ha 
within clusters is to use narrow-band imaging to trace Ha 
emitting galaxies over very wide fields in a narrow redshift 
slice fe.g. iFuiita et alJl2003t lUmeda et ail 12004 iFinn et al] 
120041) . Narrow-band imaging has the advantages that it 
traces the two-dimensional distribution of instantaneous star 
formation, yields the total star formation rate (SFR) inde- 
pendent of aperture effects, and is complete (flux-limited) 
over very large fields and hence a wide range of envi- 
ronments. However, these studies do not have the high- 
resolution imaging over a comparable field, necessary to 
identify the galaxies with late-type morphologies but low 
star formation rates that might be indicative of a transfor- 
mation in progress. 

In this paper, we present multicolour (broad-band and 
narrow-band Ha) Suprime-Cam observations over a ~ 9.6 



Mpc field around the cluster CI 0024.0+1652 (CI 0024) at 
z — 0.395. We use the broad-band colours to identify cluster 
members, and to trace the young stellar population, while 
the narrow-band Ha imaging follows the instantaneous star 
formation rate. Importantly, a large Hubble Space Telescope 
(HST) mosaic, consisting of 39 WFPC2 pointings, is avail- 
able. Analysis of these data has shown that the fraction of 
early type galaxies increases steeply from ~ 1 Mpc toward 
the cluster centre (iTreu et al. 1 120031) . The combination of 
these high resolution images with our new Ha data provides 
a unique opportunity to study the effects of environment on 
morphology and star formation rate, separately. 

CI0024 is one o f the original clusters studied 
by iButcher fc Oemle r] l|l978a| [b|). and l ater followed up 
spect r oscopi c allv dCouch fc Newelilll984 iDressler fc Gunnl 
I l98l IT99I IDressler et al.1 119991 iPoggianti et al] ll99sF 
ICzoske et all200ll) . From the lensing analysis of lKneib et al] 
j2003Ti ~ the characteristic radius of the cluster is -R200 = 
1.7 Mpc, and the total mass within this radius is 5.7 x 
1O 14 M . The cluster core is dominated by red galaxies, 
with a secondary pop ulation of spiral galaxies that ar e 
mostly unremarkable dSchneider. Dressier, fc Gunnl 11 986). 
though some show evidence for recent starbursts llKoo et al] 
Il997t IPoggianti et al.lll999D . perhaps enshrouded in dust 
]C^ia^t^l1l20o3) . The red galaxies follow t he fundamental 
plane relation (van Dokkum fc Franxl fl99^ . and are con- 
sistent with passiv e evolution models l|Kodama^^dJ^j98j; 
iBarger et alll99Sft . Earlier HST imaging dSrnail et alJll997l) 
reve aled a clear lack of S O galaxies relative to nearby clus- 
ters iDressler et al.lll997ft . which has been used as an argu- 
ment that the SO population is being formed within such 
clusters, between z ~ 0.4 and the present. Recent, wide- 
field s pectroscopy o f a ver y large sample of cluster galax- 
ies bv ICzoske et al.l (1200 1]) has identified substructures in 
the foreground and background of CI 0024. They find the 
velocity dispersion of the main cluster component is only 
~ 560 km s~ , much less than earli er measurements of ~ 
1200 km s" 1 iDressler fc Gunnlll992T) which did not resolve 
the substructure. This spectroscopic sample of cluster galax- 
ies is the largest available for any cluster at z Z 0.2 and 
enables us to perform a number of powerful tests of the re- 
liability of our narrow-band selected sample. 

The present paper is organized as follows. Our obser- 
vations and data reduction are presented in § |5J and the 
measurements of Ha emission and derived quantities are de- 
scribed in § 01 The spatial distribution and environmental 
variation in galaxy populations are shown in §^] We discuss 
the implications of these results for galaxy evolution in gen- 
eral, in §|5] and draw our final conclusions in §|S] Throughout 
this work we assume a cosmology with Q m = 0.3, S1a = 0.7, 
Ho = 70kms- 1 Mpc- 1 . At the redshift of CI 0024, z = 0.395, 
1 arcmin corresponds to 0.32 Mpc, and the characteristic lu- 
minosity M* is z' ~ 19.2. 



2 OBSERVATIONS AND DATA REDUCTION 

Data were obtained with Suprime-Cam (0.202 arcsec per 
pixel, and 27 arcmin field of view) on the Subaru telescope 
on the night of September 6, 2002. Images were obtained 
in three broad-band filters (BRz'), and the narrow band 
filter NB912 (A cff =9139 A, FWHM=134 A) The net expo- 



sure times are 60 min in B, 88 min in R, 33 min in z' and 
180 min in NB912. We took two exposures in z' , a deep one 
(4 min) and a shallow one (1 min); the latter was required 
because the brightest galaxies (z' < 21) are saturated on the 
deep image. The 5-cr limiting magnitude of the z' images, 
on which our selection is based, is 22.7 mag, corresponding 
to M* + 3.5 at the cluster redshift. The seeing was 0.7— 
1.0 arcsec in the R, z' and NB912 bands, but worse (~1.0- 
1.3 arcsec) in the B-band. The sky conditions were pho- 
tometric, an d the photome tric zero-points were calibrated 
based on the lLandoltl jl992l) standard stars in B and R; the 
z'-band image was calibrated onto the SDSS system using 
the star G2 4-9. The da ta were reduced with the iraf and 
NEKOSOFT llYaeil Il993) software packages, following stan- 
dard procedures of bias subtraction and flat-fielding. The 
latter is achieved using supersky flats constructed from the 
median of the dithered science frames. We then mosaic the 
chips, taking care to match the point-spread function (PSF) 
and relative flux calibration between them. 

The relative transmission function of the narrow band 
filter NB912 combined with the response of the CCD is shown 
in Fig. Q The effective wavelength and width are 9139 A 
and 134 A, respectively. This response function is compared 
with the velocity distribution of spectroscopic ally confirmed 
cluste r members in our target, CI 0024, from ICzoske et ail 
(2001). At the peak of the observed galaxy redshift distri- 
bution, the Ha emission line lies at A ~ 9160 A, close to the 
maximum filter transmission. The galaxy redshift distribu- 
tion is significantly narrower than NB912, so we have good 
sensitivity for all cluster members. Not e that the foreground 
and background structures detected bv lCzoske et al H2001D 
lie in regions of lower filter transmission, so our Ha detection 
limit will be brighter in these structures. 

Galaxies are detec ted from the z 1 images , using the 
SExtractor software jBertin fc Arnoutsjl996T) . We detect 
all objects with at least 9 connected pixels (0.38 arcsec 2 , 
equivalent to the area of the PSF) more than 2 a above the 
median sky. The images in all filters are aligned by centroid- 
ing stars throughout the field and fitting a stretch and shift. 
The images are each convolved with a Gaussian to mimic 
a seeing of 1.0 arcsec, corresponding to that of our poorest 
quality data in the R and z'-bands. The seeing on the B- 
band images is slightly worse, and these are convolved to 1.3 
arcsec. As a result, the FWHM of the stars are not uniform 
between the passbands; however, as we use a fixed 3 arcsec 
aperture (corresponding to 16 kpc at the cluster redshift) 
when measuring galaxy colours, this small mismatch in the 
seeing sizes produces a negligible difference in the measured 
colours. The magnitude mag_best is used as a measure of 
total magnitude. All the magnitudes in this paper are given 
in the Vega-based system. 

W e will use the Subaru Deep Field fSDF. lMaihara et alJ 
1200 J) as a control field, to correct for residual background 
contamination after photometric membership selection (e.g. 
Kodama et al. 2001). This imaging was reduced using similar 
techniques, and has an effective area of 667.94 sq. arcmin. 
These observations include the same broad band filters that 
we use, and also a similar narrow-band filter, with a central 
wavelength of 9196 A and an effective FWHM of 132 A. 
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Figure 1. The dashed line is the velocity distribution of 
spectroscopically c onfirmed cluster members in CI 0024, from 
ICzoske et alj feoOll: the dotted curve is the distribution for those 
members with [On]A3727 emission. The top axis shows the corre- 
sponding wavelength of Ha. The throughput of the narrow-band 
filter NBgi2, including the response of the CCD, as a function of 
velocity is shown as the solid curve, according to the scale on the 
right axis. 



3 Ha MEASUREMENTS AND FIELD 
SUBTRACTION 

3.1 Continuum subtraction and detection criteria 

Emission line fluxes are measured by comparing the aper- 
ture magnitudes in the NB912 and z' bands, as shown in 
Fig. |21 We determine the zero-point of the NB912 filter by 
requiring the mean (z' — NB912) colour to be zero for stars 
and spectroscopic non-members. Fig.|5|shows that most de- 
tected galaxies have (z' — NBgi2)~ 0, with a scatter that 
increases toward fainter magnitudes. This is expected, be- 
cause most galaxies are in the foreground or background, 
and Ha does not lie within our filter bandpass; the scatter 
is primarily due to photometric errors. Since the equivalent 
widths of stellar Ha absorption lines in non-star formin g 
galaxies are typically only ~ 2 A fe.g. iTraeer et ailll998T) . 
we can assume the envelope of galaxies at (z! — NBgi2)< 
traces the intrinsic scatter due to measurement uncertainty; 
this envelope is approximated by the dotted lines in Fig. 
given by {z - NB912) > 0.044(z' - 21.6) + 0.2 for z < 21.6, 
and (z'-NBgis) > 0.273(2' -21.6) +0.2 for z' > 21.6. There 
are 753 galaxies lying above this line that represent signif- 
icant detections; however, some of these will correspond to 
emission from background galaxies, in lines other than Ha. 
We make a correction for these based on broad-band colours, 
as described in § 13.31 

Since the NB912 filter has a Gaussian profile and is 
slightly offset from the wavelength of Ha at the cluster 
redshift, we must account for the lower transmission of the 
NB912 filter for a typical cluster galaxy. We correct for this, 
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Figure 2. The distribution of galaxies in NBgi2-z' colour, as a 
function of z' magnitude for all galaxies in the photometric cata- 
logue. The curved, solid lines show lines of constant Ha luminosity 
from L(Ha+[Nll])= 0.66, 3.3, 6.6, 13.2 and 33 X 10 40 ergs s" 1 , in- 
creasing towards higher z'-NBt)i2. These correspond to SFR, in 
units of Mq yr" 1 , of 0.1, 0.5, 1.0, 2.0 and 5.0, respectively. The 
diagonal, dotted lines show the envelope of the observed scatter; 
the 753 galaxies that lie above the upper line are secure emission 
line detections, although we estimate that ~ 240 are likely to be 
background galaxies on the basis of BRz' colour-colour diagram 
(see § 3.2 and Fig. 7). For galaxies with z' < 21.8, the sample 
of detections is complete to W (Ha+[Nll])= 40 A, shown as the 
horizontal, dashed line. The histograms on the right show the dis- 
tribution of (z' — NB912) for all galaxies in the sample, brighter 
than z' = 22.7 (solid line) and z' = 21 (dotted line). 



in an average sense, by multiplying our measured Ha fluxes 
and equivalent widths (see § 13.211 by a factor 1.37, compen- 
sating for the throughput averaged over the spectroscopic 
cluster members in the Czoske sample, as shown in Fig. Q 
On an individual galaxy basis, however, the Ha flux for 
cluster members is uncertain by ~ 15 per cent, due to the 
variable filter throughput over 1000 km s -1 . We have also 
checked our results for sensitivity to colour terms; however 
we neglect this correction as it is small relative to our pho- 
tometric uncertainties. 



3.2 Computation of Wo(Hq+[Nii]) and Ha fluxes 

The emission lines [Nn]AA6548, 6583 are adjacent to Ha, and 
also contribute to the emission line flux within NB912. In- 
stead of making an uncerta in correction for t his based on 
empirical calibrations (e.g. iTresse et ai]ll999l) . we choose 
to present most of our results for the combined line flux, 
and only make a correction when computing SFRs. To com- 
pute the rest frame equivalent width, W (Ha+[Nn]), from 
(z — NB912), we need to correct for the effect of emission 
within the broad-band filter. The conversion depends on the 
relative wavelength ranges of the z' filter (A Ass = 1360 A) 



Figure 3. The differential number count of galaxies in the z'- 
band. The solid line and the dotted line show all the galaxies and 
those with strong emissions, respectively. The vertical dashed line 
represents z'=21.8 below which our detection of strong emitters 
become incomplete due to large photometric errors. 

and narrow-band filter (AAjvs = 134 A), and is given by: 

W o( Ha + [Nil]) = (1 + z)- 1 x A ^ BAAN " ( : = 1} , (1) 

AAbb — AAnb?" 

where log 10 (r) =(*' - NB 9 i 2 )/2.5 and z = 0.395 is the 
cluster redshift. To calculate Ha+[Nll] fluxes we multiply 
Wo(Ha+[Nn]) by the continuum z' luminosity (on the Vega 
system, z = 19.2 corresponds to a flux of 1.636 x 10~ 17 
ergs s _1 cm" ~ 3 A _1 ). In Fig. H we show the horizontal line 
corresponding to W o (Ha+[Nll])=40 A; at all magnitudes 
brighter than z — 21.8, galaxies with equivalent widths 
greater than this limit are significantly detected in emis- 
sion (see also Fig. EJ. We will therefore use this magni- 
tude limit when considering the fraction of galaxies with 
W (Ha+[Nn])> 40 A, as in S lOl 

We then compute total luminosities, L(Ha+[Nll]), us- 
ing a luminosity distance of 2147 Mpc, appropriate for our 
cosmological mo del. Finally, we comp ute SFRs assuming 
the conversion of Kennicutt et al. ( 1994 1), correcting for 30% 
[Nil] emission jTresse et alJ ll99SU j ansen et al.||200 0|l an d 
an extinction at Ha of 1 magnitude llKenni^ut^et^lTll994T) . 
Both of these corrections are uncertain, and only accurate 
in an average sense, for reasonably bright galaxy popu- 
lations (>, M* + 1) with metallicities above ~ 0.5 so lar 
jBrinchmann et aljl200l iKewlev. Geller. fc Jansenll2004|) . 

In Fig.^Jwe show the correlation between our measured 
equivalent widths, Wo(Ha+[NH l), and the [On] equivalent 
widths from lCzoske et all (l200lft . for spectroscopically con- 
firmed cluster members. The correlatio n is in rea s onabl e 
agreement with the local relation from iKennicuttl il992l) , 
with considerable scatter. Some of this scatter is due to the 
~15 per cent uncertainty on the NB912 filter throughput. 
The Wo (Ha) for galaxies with redshifts > 2000 km s~ from 
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Figure 4. The correlation between our measured W (Ha+[Nll1) 
and th e spectroscopically measured Wo ([On]) from lCzoske et all 
J200ll) . Solid circlesaxe galaxies with redshifts within 2000 kms - 1 
of the peak of filter transmission function, while open circles are 
galaxies with velocity difference s greater th an this. The solid line 
is the local relation, from iKennicuttl ll992l) . 




SFR IR (M Q yr-i) 

Figure 5. The ratio o f the SFR estim ated from mid-infrared 
/SO/CAM observations iCoia et all2004) to that measured from 
our Ha photometry. The solid circles are H« detections, and the 
open circles are non-detections. Four ISO-detected galaxies are 
not included in this comparison for reasons discussed in the text, 
and thus do not appear on the plot. 



the peak of the NB912 filter (A = 9140 A, corresponding to 
z = 0.393 for Ha) are underestimated by typically a factor of 
2x, due to the lower filter transmission. These galaxies are 
shown as the open circles in Fig. 21 and all have low Wo(Ha) 
for their measured W ([Oll]). From Fig. it is evident that 
these galaxies correspond to the dynamically distinct fore- 
ground and background clumps, and not the main body of 
the cluster. 

Recently, ICoia et "all i2004) presented Infrared Space 
Observatory {ISO) /CAM mid-infrared observations of the 
central ~ 2 arcmin of CI 0024 at 15/im. They identify thir- 
teen mid-infrared sources which are confirmed cluster mem- 
bers (within the main cluster, not the foreground and back- 
ground substructures), and they are able to derive star for- 
mation rates for twelve of them. Two of these detections 
are not in our catalogue because of corrupted photometry 
in our image, while a third is excluded because z p hot is out- 
side our membership limits, and z spC c is flagged as uncertain 
(see § 13.31 . Of the remaining 9 galaxies, 6 are detected in 
Ha; we compare the SFR estimated from Ha (assuming 1 
mag extinction) with that estimated from the mid-infrared, 
in Fig. For all of the ISO sources that we detect in emis- 
sion, the Ha-derived SFRs are within a factor of ~2-3 of 
the mid-infrared estimates. For the three remaining galax- 
ies, the infrared SFRs are larger than those determined from 
Ha, by at least a factor ~3-10. This discrepancy is likely due 
to a wide rang e of extinction s among strongly star-for ming 
galaxies jHopkins et all200lll2003tlAfonso et alJl2003l) . and 
implies that the extinction for these galaxies is J> 2.5 mag 
at Ha. Another possibility is that at least some of the mid- 
infrared emissio n in these sources ar ises from a nonthermal 
component (e.g. iBaloeh et al"ll2002b)) . 



3.3 Photometric redshifts and field contamination 

To determine cluster membership for all of the galaxies 
within our imaging field of view we use broad-band colours 
to compute photometric redsh ifts, z p hot, using the code of 
iKodama. Bell, fc Bowerl jl999T) . The reliability of these red- 
shifts can b e tested by compar ing with the spectroscopic 
catalogue of lCzoske et al.l i200ll) . Fig. HJ shows the distribu- 
tion of Zphot for spectroscopically confirmed cluster mem- 
bers (0.378 < z < 0.406). We note that this redshift range 
for spectroscopic members is set so that the transmission of 
our narrow-band filter is better than 8% for the Ha lines 
from those galaxies. This corresponds to the velocity range 
of —3400 < Av < 2300 kms" 1 and therefore it includes a 
significant fraction of the substructures reported in Czoske 
et al. (2001) (see our Fig. 1). As seen in Fig. |S| most of the 
members have 0.31 < z p hot< 0.45; however, there is a small 
tail of galaxies for which the photometric redshift is z < 0.3. 
These are preferentially blue galaxies, for which photometric 
redshifts are less accurate due to their flat spectra. 

We want to ensure our sample of Ha detections is not 
compromised by incorrect photometric redshifts for blue 
galaxies. We can do this by noting that a detected emission 
line is most likely to be either Ha at z ~ 0.4, [Om]A5007 at 
z ~ 0.8 or [Oll]A3727 at 2 ~ 1.5. Distinguishing these red- 
shifts photometrically is relatively easy, as shown in Fig. |7| 
The position of galaxies in the (R— z')-(B — R) colour plane, 
as a function of redshift, spectr al type, and metallicity, 
are co mputed using the models of IKodama. Bell, fc Bowerl 
(1999). We also show the data, for all galaxies detected 
in NB912; these show a dominant sequence close to the 
model prediction for Ha emission, with distinct, secondary 
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Figure 6. Bottom panel: The photometric redshift distri- 
bution for the spectroscopically confirmed members is shown 
as the open histogram. The spectroscopic cluster redshift lim- 
its (0.378 < z < 0.406) are shown as the vertical, dotted lines. 
The photometric redshift distribution is broader; we take the pho- 
tometric redshift cluster limits to be 0.31 <z p hot< 0.45, as in- 
dicated by the vertical, dashed lines. The solid histogram shows 
the distribution for Ha emitters. Top panel: The distribution of 
spectroscopic redshifts for galaxies with 0.31 < z p hot< 0.45, indi- 
cated by the dashed lines, is shown as the open histogram. The 
solid histogram shows the distribution for all Ha emitters. 



sequences corresponding to the background galaxies with 
[On] or [Oiii] emission. We therefore consider all 511 galax- 
ies that are detected in the continuum-subtracted NB912 
filter and have colours within the box shown in Fig. [7| to 
be cluster members, whatever their photometric redshifts. 
We note that the higher redshift emission galaxies are dis- 
tributed uniformly over the field of view compared to the 
emission line members, confirming that they are unlikely to 
be misidentified cluster members. We can use these back- 
ground galaxies to construct the [On] luminosity function 
at z ~ 1.5, which we leave for future work. 

We will therefore define cluster members to be galax- 
ies with 0.31 <z p hot< 0.45, or those detected in Ha. We 
also include all spectroscopic members, with redshift qual- 
ity flags A(s e cure) or B (probable), from the catalogue of 
ICzoske et al.l (l200lT) . This combined technique of using both 
broad-band and narrow-band photometric selection appears 
to work well in picking out cluster members, as demon- 
strated by Fig. |H1 We have a slight bias against blue member 
galaxies in our photometric redshifts derived purely from the 
broad-band data; however this is compensated by the fact 
that these galaxies tend to be strong emission line sources, 
and so are recovered by including the narrow-band filter. 
This combination is potentially a very powerful tool for fu- 
ture applications to study the whole range of spectral types 
in higher redshift structures using optical/near-infrared fil- 
ters. 
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Figure 7. The colour-colour diagrams on which we can dis- 
tinguish Ha emission of the cluster me mbers from background 
[Oh] a nd [Oin] contaminants. Models of lKodama. Bell, fc: Bowerl 
(1999), as a function of redshift, spectral type and metallic- 
ity, are shown by the lines. Each contiguous solid line shows 
a model for a given spectral type, at a series of redshifts be- 
tween < z < 2. The dashed lines connect the three spec- 
tral models at fixed redshifts corresponding to Ha, [On] and 
[Oiii] emission, as indicated. The dotted lines show the effect of 
changing metallicity in the pure, passive ("Bulge") model be- 
tween — 0.52<[M/H]<0.06. The observed colour distribution of 
the strong emitters (z' — NBg\2 > 0.25) brighter than z' = 21.8 
(fainter than this limit the photometric errors increasingly dilute 
the visible structure) in the CI 0024 field are plotted over the 
model grids. We identify the likely Ha emitters (open circles) as 
either those whose photometric redshifts are within our member- 
ship slice or those whose colours are within the box drawn along 
the z ~ 0.4 sequence. The latter galaxies are regarded as cluster 
members even if they have apparently inconsistent photometric 
redshifts. We also show the distribution of narrow-band emitters 
which are not identified as cluster members (three-point crosses) 
and are thus likely to be higher redshift galaxies. 



We identify 2385 cluster members defined in this way 
down to z = 22.7, over 712.79 arcmin 2 , for a mean pro- 
jected density of 33 Mpc -2 . Fig. |S] shows the distribu- 
tion of spectroscopic redshifts for these photometric clus- 
ter members. Most of the galaxies are true cluster members 
(0.378 < z < 0.406), although ~ 30 per cent are background 
and foreground galaxies that are misidentified as cluster 
members. We correct for this residual conta mination based 
on the control field, the Subaru Deep Field iMaihara et alJ 
l200ll) . The same photometric redshift estimator is applied 
to galaxies in this field, observed in the same combination 
of passbands to estimate the number of field galaxies within 
the cluster redshift limits 0.31 < z p hot < 0.45. We detect 1300 
galaxies with magnitude z < 22.7 in this redshift range, over 
667.94 arcmin 2 . This corresponds to a background object 
density of 19 Mpc -2 , which is our contamination; this is sta- 
tistically subtracted from our photometrically-determined 
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Fig. 8 is provided in jpg format. 



Figure 8. The projected distribution of the photometrically-determined cluster members in CI 0024. North is top and east is to the 
left. Filled circles are strong emitters (Wo(Ha)> 40 A) brighter than z'=21.8 and the small dots are the others. The red and blue 
points separate the galaxy colours redder or bluer than (B — R) c = 2.0. The contours trace lines of constant projected galaxy density, 
corresponding to 30, 50, 70, 100, 200 and 300 Mpc -2 after residual field contamination is subtracted. The virial radius of this cluster 
(1.7 Mpc) is shown by the dotted circle. 



cluster mem bers, as a funct i on of magnitude and colour, as 
described in lKodama et alJ (l200lTl . 



3.4 Local density measurements 

The local surface number density of cluster members is 
calculated from the 10 nearest neighbors (including that 
galaxy) brighter than our magnitude cut, z = 22.7. We 
correct for residual field contamination in the redshift slice 
by subtracting the mean density of galaxies in the control 
field, 19 Mpc -3 . Unlike complete redshift surveys, we are not 
sensitive to densities near or below the average field density, 
because the photometric redshift slice is too wide to allow 
us to probe low physical densities. 

It will be interesting to compare our resul ts with sim- 
ilar measurements in the local Universe (e.g . iLewis et alJ 
120021: iGomez et afll2003t IBaloeh et aill2004bi) . To compare 
projected surface densities with these surveys, we need to 
account for two fundamental differences in the way they are 
measured. The first is that, despite the background subtrac- 
tion, the measured density is still a projected quantity over 
a large redshift slice, which corresponds to 855 Mpc (co- 
moving). Local densities measured from redshift surveys, 
however, typically project over only ±1000 km s" 1 , which 
corresponds to ~ 30 Mpc. The projected volume in the 
present survey, therefore, is ~ 30 times larger than the cor- 
responding volume in the low redshift surveys, and we can 
expect our densities to be larger by a similar factor. Note 
however that the actual factor is likely to be smaller than 
this, since the galaxies would not be uniformly distributed 
within our redshift slice; rather they are likely to be struc- 
tured in discrete redshift slices. Secondly, the present survey 
extends to M*±3.5, which is 2.5 mag fainter (re l ative to M*) 
than the local Universe study of IBaloeh et al ] J2004LD . As- 
suming a luminosity function with faint end slope > —1.05 
jBlanton et alJl2003fi . we expect £ 1.7 times more galaxies 
in our deeper survey. Accounting for both these effects, we 
expect our lo cal projected densitie s to be £ 50 times larger 
than those of IBaloeh et alJ d2004bl) . 



4 RESULTS 

4.1 Spatial Distribution 

The projected galaxy distribution of CI 0024 is shown in 
Fig. |H] for all cluster members. Contours of constant pro- 
jected galaxy density are overlaid. The main cluster body, 
dominated by red galaxies, appears elongated in the NW- 
SE direction. On a larger scale, we see filamentary substruc- 
tures towards the North-NW and to the East, suggesting 
that the cluster is still dynamically evolving by accreting 
galaxies/groups from its immediate surroundings. This is 
qualitatively similar to the distribution of galaxies around 
A 851 at z = 0.41 (Kodama et al. 2001). It is notable that 
the group to the NW of the cluster core shows a large frac- 
tion of galaxies detected in Ha. 

In Fig. [5] we show images of the strongest Ha emit- 
ters within f?200 (1-7 Mpc) and within the "infall region" 
1 < R/R200 < 2. In most cases we detect extended emission, 
suggesting that it does not exclusively arise from AGN activ- 
ity. Furthermore, the Ha emission generally traces the opti- 
cal structure of the galaxy, although there are some galaxies 
in which the Ha emission appears to be offset by a small 
amount (<J 2 kpc) from the continuum light. 



4.2 Hubble Space Telescope Morphologies 

The available wide- field HST mosaic imaging llTreu et alJ 
2003) affords us the opportunity to compare the star forma- 
tion activity in CI 0024 with galaxy morphology. Since en- 
vironmental effects are likely to influence morphology and 
star formation on different time-scales, we might expect a 
change in the correlation between the two properties, as a 
function of density and/or redshift. Unfortunately, we do 
not have equivalent morphological information for our con- 
trol field sample, so we cannot make the field correction 
necessary to reliably determine the morphology distribution 
as a function of cluster environment for the whole sample. 
For galaxies that are undetected in Ha, we are therefore re- 
stricted to the spec troscopically-confirmed cluster members 
JCzoske et all200ll) . The population of galaxies that are de- 
tected in Ha, however, does not require such a correction, 
since we are able to identify almost all background galaxies 
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Figure 9. Left: The greyscale images are z'-band continuum images of galaxies within 1.7 Mpc (-R200) °f the cluster centre with the 
strongest Ha emission. Images are 8 arcsec X 8 arcsec (42. 7x 42.7 kpc). North is top and east is to the left. The solid contours are 
logarithmically spaced Ha isophotes; the dotted contours represent Ha in absorption. The ID number and W (Ha+[Nn]) of the galaxy 
are labelled at the top of each panel. Right: The same, but for galaxies within 1 < R/R200 < 2. 



detected in emission (see Fig|HJl, and we can therefore use 
the full sample. 

Fig. 1101 shows the distribution of morphological classes 
fo r the Hq detectio ns and non-detections (using the scheme 
of iTreu et al.ll20o3) . There is a distinct separation, as ex- 
pected, in that galaxies detected in Ha tend to be late-type, 
while undetected galaxies are early-type. We do however see 
a substantial number of late-type, confirmed cluster mem- 
bers without Hq emission. To investigate the morphological 
properties of these galaxies in more detail we show thumb- 
nail images of 12 of the Ha-undetected members from the 
late morphological classes (> 2) in Fig. 1111 and contrast 
these with a random sample of Ha-detected galaxies with 
the same distribution of types. The first point to note is that 
the two Ha-undetected galaxies identified as mergers (T=8) 
both appear to contain early-type galaxies with very close 
companions. The absence of detectable Ha emission from 
these systems is not particularly surprising and so we ignore 
them. The morphological classifications for the bulk of the 
mid/late-type Ha-undetected galaxies show no strong dif- 
ferences from the matched sample of Ha-detected galaxies. 
There is a suggestion that the Ha-undetected galaxies may 
be larger systems (with 40 per cent of the sample having 
sizes in excess of 50 kpc). However, similarly large spirals 
are seen in the Ha-detected sample and the small size of 
the undetected sample means this is not a statistically com- 
pelling result. Another potential difference is that none of 
the spiral galaxies undetected in Ha show much evidence for 
bright knots or other clumpy structure associated with star- 
forming regions; the disks and spiral arms appear smooth. 



On the other hand, such features are visible in some of the 
control galaxies. We discuss the Ha-undetected population 
further in S l5"21 



4.3 The Ha Luminosity function 

Our sample of galaxies with Ha emission is limited by appar- 
ent continuum magnitude and equivalent width, as shown in 
Fig. |21 From that figure, it is evident that our sample is ap- 
proximately complete for L(Ha+[Nn])> 1.3 x 10 41 ergs s , 
which corresponds to SFR J> 2 Mq yr _1 . Brighter than 
this limit, we effectively have a volume-limited sample of 
Ha-selected sample of galaxies, and it is straightforward to 
construct the luminosity function for CI 0024. Furthermore, 
most of the galaxies with luminosities brighter than this 
limit have z < 21, 1.7 magnitudes brighter than our sur- 
vey limit, so the effect of photometric errors are small. At 
fainter line luminosities, we begin to lose bright galaxies with 
low W (Ha+[Nll]) from the sample; however, the luminos- 
ity function is dominated by fainter galaxies with higher EW 
and, hence, the effect is small. Below L(Ha+[Nn])~ 6 x 10 40 
ergs s , our incompleteness increases further because we 
do not observe galaxies with z > 22.7. This incomplete- 
ness starts to become severe below L(Ha+[Nn])~ 2 x 10 40 
ergs s . Photometric errors also start to become important 
at this luminosity, because most of the contribution is from 
galaxies near our magnitude limit. We make no correction 
for these effects, but focus on the shape of the luminosity 
function brighter than L(Ha+[Nll])~ 10 41 ergs s _1 . 
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Figure 10. The distribution of morphological classes, for spec- 
troscopic members with no detected Ho emission (solid line), 
and all galaxies with detected Ho (dotted line). The morpho- 
logical classes correspond to visual morphologies as follows: 0=E, 
1=E/S0, 2=S0, 3=Sa+b, 4 =S, 5=Sc+d, 6= Irr, 7=unclassified, 
and 8=merger, respectively iTreu et al.ll20o3) . 



Fig. 11 is provided in jpg format. 



Figure 11. The top three rows of the figure show thumbnail 
HST F814W images of morphologically-classified mid/late-type 
and merging galaxies which are spectroscopically-confirmed as 
cluster members, but which are not detected in our Ho narrow- 
band survey. In the lower three rows we compare these to a 
randomly-selected sample of Ho narrow-band detected cluster 
members with an identical distribution of morphological types. 
The two mergers appear to be early-types with close companions 
(their lack of Ho emission is therefore unsurprising). Otherwise, 
the bulk of the undetected, mid-type members are morphologi- 
cally indistinguishable from the detected population, with the one 
caveat that they appear to have larger physical scales (although 
the small sample means this statement is not statistically signifi- 
cant). Each panel is 10 arcsec square (53 k pc) and is labelled with 
the morphological class of the galaxy from lTreu et al and 
either the redshift or NB (for those members detected in the Ha 
narrow- band image). The panels are arbitrarily orientated and are 
presented at the raw WFPC2 resolution, 0.17 arcsec, and default 
pixel scale, 0.1 arcsec pixel - 1 . 



The luminosity function of galaxies within R200 = 1-7 
Mpc (5.2 arcmin) of the cluster centre is shown in the 
left panel of Fig. It is well fit, for L(Ha+[Nn])> 10 41 
ergs s - , by a Schechter function with L*(Ha+[Nll]) = 
1.1 x 10 42 ergs s _1 and a — —1.5. Recall that this is un- 
corrected for dust extinction and [Nil] emission. Making an 
approximate correction for 1 magnitude of dust extinction 
and 30 per cent [Nil] contribution gives L*(Hcv)= 2.1 x 10 42 
ergs s~ . The uncertainties on a and L*(Ha+[Nll]) are 
strongly correlated and depend upon the magnitude range 
of the fit; thus we do not present our parameters as an opti- 
mal choice, but merely as a way to compare the shape with 
previous work. 

We can compare this luminosity function with other 
clusters, at lower redshift. The cluster A 521, at z = 0.25, 
was st udied with a very similar technique, bv lUmeda et alJ 
(2004). We adjust their published luminosity function to 
account for our different cosmology, and to remove their 
corrections for [Nil] and dust extinction. We also apply a 
small rescaling to account for the d ifference in physical area 
considered, as lUmeda et al.l (HP04) use a 2 Mpc radius, un- 
der a different cosmological model. The result is shown in 
the left panel of Fig. 1121 the characteristic luminosity in 
their Schechter function fit with the above adjustments is 
L*(Ha+[Nn])= 3.9 x 10 41 ergs s~\ a factor three fainter 
than in CI 0024. We also compare with the lu minosity func- 
tions of two other clusters, A C 114 (z = 0.3 LjCouc h et alJ 
120011) and A 1689 (z = 0.18. iBaloeh et al]l2002rl These 
are based on deep spectroscopic observations made with the 
LDSS++ spectrograph on the Anglo- Australian Telescope, 
over a smaller field of view (7 arcmin, corresponding to a 
diameter of 1.3 Mpc in A 1689, and 1.9 Mpc in AC 114). To 
make a fair comparison, we show the luminosity functions 
within a radius of 0.80 Mpc, in the right panel of Fig. 1121 
The published AC 114 and A 1689 luminosity functions are 
multiplied by a small factor to approximately correct to a 
circular area of 0.80 Mpc radius. We also apply a correction 
for aperture bias by comparing the total 7— band magni- 
tudes to the magnitude within the spectroscopic aperture 
size. This amounts to a correction factor of ~ 1.4. These lu- 
minosity functions are steeper than that of A 521, although 
with a similar characteristic luminosity. All three of these 
lower redshift clusters show > 4 times fewer Ha emitters 
of fixed luminosity than CI 0024, within the same physical 
area. However, it is not clear whether this is due to a differ- 
ence in cluster richness, or to a real evolutionary effect. In 
§E]wc will show the evolution of cluster SFR normalised to 
total cluster mass, to remove this degeneracy. 

Finally, we compare our data with the field luminosity 
function at z = 0.24 and at z ~ 0.7. The lower redshift data 
are also obtained from a narrow-band Suprime-Cam sur- 
vey jFuiita et alJl20o3) . and are in good agreement with the 
spectrosc opically determined lum inosity function at similar 
redshift jTresse fc Maddoxl ll998T) . The higher redshift lu- 
minosity function is obtained from spe ctroscopic measure- 
ments at the VLT (iTresse et al.l f2002). After making the 
usual adjustments to remove the corrections for reddening 
and [Nil] contribution, we renormalise to the expected av- 
erage cluster density within R200 (left panel) and 0.47i?2oo 
(right panel). In the first case, the average cluster density 
is 200p cr it, or ~ 670 times the average field density (for 
f^m = 0.3), by definition. For the smaller radius, we use 
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Figure 12. The Hct luminosity function in CI 0024 and la uncertainty (shaded region) within -R200 (1.7 Mpc, left panel) and 0.47i?200 
(0.8 Mpc, right panel) of the cluster centre, uncorrected for dust extinction and [Nil] contamination. The vertical, dashed lines show 
the approximate completeness limit of our survey; fainter than this limit we underestim ate the luminosity function. The se results are 
comp ared with the Schechter function fits to the field luminosity functions at z = 0.24 iFuiita et al.ll200a) and z ~ 0.7 iTresse et alj 
2002), renormalised to the theor etical overdensity o f CI 0024 within t he appropriate rad ius as described in th e text. We also comp are 
with the clusters A 521 fz=0.25. lUmeda et aljboO-jK AC114 Cz=0.31. ICouch et aljEuOll and A 1689 (z=0.18, lljalogh et al.ll2002ri . as 
indicated in the legends. 



the mass model of lKneib et alJ i2003l) to determine that the 
cluster overdensity is ~ 2260 times larger than the aver- 
age field density. The z = 0.24 field Ha luminosity function 
has a similar shape to the A1689 and AC114 clusters, with 
L*(Hq+[Nii])= 4.8 x 10 41 ergs s~\ On the other hand, the 
2 - 0.7 function is brighter, with L*(Ha+[Nll])= 6.3 x 10 41 
ergs s" 1 , and provides a close match to the CI 0024 data. In 
all cases, the renormalised field has > 5 times more emit- 
ters of a given luminosity than clusters at similar redshifts. 
Therefore, we find that the shape of the Ha luminosity func- 
tion does not depend strongly on environment, although the 
normalisation does. There is significant evolution between 
z ~ 0.2 and ~ 0.4, corresponding to a factor ~ 3 in Ha 
luminosity. This degree of evolution is seen in both the field 
and cluster luminosity functions. 

4.4 Trends with local density and cluster-centric 
radius 

We will now consider how the Ha distribution depends on 
the environment around CI 0024. In Fig. 1131 we show the 
fraction of galaxies with Wo(Ha+[Nll])> 40 A as a func- 



tion of local projected density and cluster-centric radius. 
We only consider galaxies brighter than 2' = 21.8 because, 
fainter than this limit, the photometric errors scatter a sig- 
nificant number of galaxies with low equivalent widths to 
W (Ha+[Nll])> 40 A (see Fig. 0. Both the density and 
the strong emission line fraction are corrected for residual 
field contamination using the SDF control field. As expected, 
there is a decrease in the fraction of strong emission line 
galaxies with increasing density, toward the cluster centre. 
The same trend is seen for both bright and faint galaxies. 
At low densities, E < 20 Mpc -2 , the statistical background 
correction dominates, and the uncertainties become large . 

Thus, the fraction of strong emission line galaxies de- 
pends strongly on local environment. However, for those 
galaxies that are detected in emission, the equivalent width 
distribution and Ha luminosity function are approximately 
independent of environment. This is shown in Fig. 1141 where 



1 Note that the statistical nature of the background subtraction 
means the fraction of galaxies with Ha emission can exceed unity 
at the lowest density end. 




E[h2„Mpc- 2 ] Radius (Mpe) 

Figure 13. The fraction of galaxies with Wo (Ha+[Nn])> 40 A, 
corrected for residual field contamination, is shown as a function 
of local projected density (left panel), and cluster-centric radius 
(right panel), for bright and faint galaxies separately. 

we compare the Ha luminosity functions for galaxies de- 
tected in Ha within the highest density environments (ex- 
cluding the NW group), with those at the lowest densities. 
We also show the data for galaxies in the NW group, which 
has an unusually high fraction of emission line galaxies, con- 
sistent with 100 per cent for blue galaxies (see below). The 
Ha luminosity function shows little sensitivity to local den- 
sity; although the cluster and group appear brighter by ~ 0.2 
mag than the lowest density regions, this is only a ~ la dif- 
ference. We conclude that emission line strength itself does 
not depend strongly on environment, and it is only the frac- 
tion of emitters that changes with density. The same con- 
cl usion was reached from observations of the local Universe, 
bv lBaloeh etaH J2004bl) . 

In Fig. 1151 we compare the fraction of spiral and irreg- 
ular galaxies (spectroscopic cluster members identified from 
HST images) with the field-corrected fraction of galaxies 
with significant Ha emission, as a function of cluster-centric 
ra dius. Both samples are limited to z' < 21.8. As shown 
by iTreu et alJ <l2003l) , the fraction of spiral and irregular 
galaxies increases sharply within the inner ~ 0.5 Mpc, and 
remains fairly constant at ~ 50-60 per cent beyond that 
radius. In contrast with this, the fraction of galaxies de- 
tected in Ha rises gradually with increasing radius, out to 
~ 1-2 Mpc, where it quickly increases to :> 80 per cent. 
This demonstrates that the trends in morphology and star 
formation are at least partly independent, and that the un- 
derlying mechanisms driving these trends may be different, 
as we discuss further in 5 15.21 

The integrated broad-band colours of the galaxies trace 
star-formation on longer time-scales (j> 0.5 Gyr, although 
this is model and waveband dependent) than Ha, and thus 
provide a useful comparison. Figure 1161 shows the colour- 
magnitude diagrams for galaxies in two different environ- 
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Figure 14. The Ho luminosity function in the highest-density 
regions (S > 90 Mpc -2 , but excluding the NW group), lowest- 
density regions (E < 24 Mpc -2 ), and in the NW group of galax- 
ies. Each sample has 83 galaxies. The shaded region represents the 
1— a uncertainty on the luminosity function for the dense region, 
only. 
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Figure 15. The solid circles show the fraction of galaxies de- 
tected in Ha, statistically corrected for field contamination, as 
a function of cluster-centric radius. The open symbols show the 
fraction of spectroscopically— confirmed cluster m embers classified 
as spiral or irregular types bv lTreu et alJ 120031) ; these points are 
offset in radius by a small amount for clarity. Both samples are 
restricted to magnitudes z' < 21.8. 
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Figure 16. The field-corrected colour-magnitude diagrams of 
galaxies in the cluster core (top panel, r c < IMpc) and in the 
outskirts (bottom panel, 1 < r c < 3Mpc). The residual con- 
tamination is removed. Galaxies detected with Wo (Ho+[Nll])> 
40 A are shown as filled circles; weaker emission lines, with 
Wo(Hq+[Nii])< 40 A, are shown as circled points and un- 
detected galaxies are just points. The dotted line illustrates 
the colour— magnitud e slo pes of the Coma elliptical models 
iKodama fc Arimotol Il997ft . The vertical dashed line indicates 
z'=21.8 below which the strong emitters become incomplete. 

merit s. As observed i n the l ocal Universe (e.g. iBaldrv et alJ 
| 2004l: Balogh et al] l2004al) and at higher redshift (e.g. 
Bell et al.ll20o¥ the galaxies form two distinct populations: 
a blue population with B — R ~ 1.6 (mostly showing emis- 
sion) and a red population with B — R ~ 2.4 (having no or 
little emission), and a gap is seen in between. The relative 
proportion of these two populations depends strongly on en- 
vironment. In the cluster core, the red colour-magnitude se- 
quence is much more populated and well established than 
that seen in the outskirts, and the fraction of blue star 
forming galaxies is much lower. To see this environmental 
dependence more clearly and quantitatively, we plot the 
(B — R) colour as functions of local density and cluster- 
centric distance in Fig. 1171 To concentrate on the environ- 
mental dependence of colours, we correct for the slope of 
colour-magnitude relation (the dotted line on F ig. 1161 on 
the re d sequence using the models of iKodama fc Arimotol 
<1997ft . denoted (B — R) c , where 

(B - R) c = (B - R) + 0.043(/ - 20.2), (2) 

corresponding to the colour at M* + l (z' = 20.2). The resid- 
ual field contamination is corrected on these diagrams using 
the SDF contro l field data in the same manner as adopted in 
IKodama et al] (1200 1]) . The densities on the horizontal axis 
are also corrected for the contamination. 

Again, the blue population dominates at low densi- 
ties/outer regions, while the red population dominates at 
high densities/inner regions; in fact, within ~ 200 kpc of 
the centre, there are almost no blue galaxies. It is clearly 



seen that the colour distribution of galaxies starts to be- 
come predominantly blue at low densities or at large radii 
from the cluster cen tre, as also seen in A 851 at z — 0.41 
jKodama et al]l200l]) . In fact, a transition from a predomi- 
nantly blue population to one dominated by red galaxies is 
identified at around the virial radius (1.7 Mpc). Although 
a strong sequence of red galaxies is present in all environ- 
ments, the blue galaxies quickly disappear within this ra- 
dius, where the relative number of red galaxies is much larger 
than in the field populations (SDF), shown by the horizon- 
tal lines at the edge of the diagrams. This traces the trend 
observed in Ha emission, shown in Fig. 1151 

The galaxies with detected Ha are preferentially blue; 
this is particularly true for the fainter population, where 
almost all the strong emission line galaxies are bluer than 
(B — R) c — 2. On the other hand, the brighter galaxies show 
a significant population of red galaxies with detected emis- 
sion. Almost all of these have only relatively weak emission, 
with W (Ha)< 40 A, which would not be detectable in the 
fainter galaxies. 

These correlations are shown also in Fig. 1181 where we 
plot the colour distributions as a function of luminosity and 
environment. The bimodality in the colours is clear again 
here, as there are few galaxies with intermediate colours, 
(B — R) c ~ 2 at any magnitude or in any environment. In 
a fixed magnitude range, the relative height of the two dis- 
tributions is a strong function of density. Fig. 1181 also shows 
the colour distribution of galaxies detected in Ha emission; 
as expected, they are almost all blue galaxies. We have com- 
puted the fraction of blue galaxies [(B — R) c < 2] with 
W (Ha)> 40 A, corrected for residual field contamination, 
in each of our luminosity and environment bins. Approxi- 
mately 30 ± 10 per cent of blue galaxies show strong Ha 
emission with no strong dependence on luminosity or en- 
vironment. The group of galaxies to the NW is therefore 
notable, in that it has a very high fraction of blue galaxies. 
In Fig. I19l we show the colour distribution of galaxies within 
3.5 arcmin (1.1 Mpc) of this clump, corrected for residual 
background contamination. The population is statistically 
consistent with almost all the blue galaxies having strong 
Ha emission, Wo(Ha)> 40 A. We compare this with the 
galaxy population outside of this clump, but with similar 
local projected densities, E = 22.8-40 Mpc -2 . Here, only 
23±4 per cent of the blue galaxies show Wo(Ha)> 40 A. 
We note however that this difference can be due to the case 
that the NW clump has just right systemic velocity in the 
line of site so that the Ha emission is neatly covered by the 
NB912 filter, whereas the regions outside of this NW clump 
may contain systems with different velocities so that Ha 
detection is incomplete (Fig. 0. 



5 DISCUSSION 
5.1 Evolution 

The dependence of Ha emission on environment in the 
local Universe has recently been quantified over a large 
range of scales, using the 2dF galaxy red shift survey 
and the Sloan Digital Sky Survey (SPSS ) llLewis et al] 
2002HGomez et al.l2003l ; Balogh et al 2004b). In particular, 
Balogh et al] (|2004b) have shown correlations of galaxy pop- 
ulation with local projected density, £5, which is computed 
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Figure 17. The background corrected colour distributions (B — R) c of galaxies as a function of local projected density (left panels) 
and cluster-centric radius (right panels) are shown for bright galaxies (M < M* + 1.6, top panels) and faint galaxies (M* + 1.6 < 
M < M* + 2.6, bottom panels). The local density S is calculated for 10 nearest neighbours brighter than z' = 22.7(M* + 3.5) and the 
residual contamination is removed. Galaxies detected with Wo(Hq+[Nii])> 40 A are shown as filled circles; weaker emission lines, with 
Wo(Hq+[Nii])< 40 A, are shown as circled points and undetected galaxies are just points. The three folded lines denote the 25th (upper 
dotted line), 50th (solid line) and 75th (lower dotted line) percentile colour loci with poissonian error-bars. The three horizontal lines at 
the edges show the percentile colours of galaxies in the SDF control field with 0.31 < 2 p hot< 0.45, the same cut as used for the cluster. 



from the distance to the fifth-nearest (projected) neighbour 
within 1000 km s -1 . They showed that the fraction of emis- 
sion line galaxies decreases from ~ 60 per cent in low-density 
environments (£5 = 0.1 Mpc -2 ) to ~ 10 per cent in the 
highest-density regions (£5 = 10 Mpc -2 ). As discussed in 
§ 13.41 our densities can be up to a factor of ~ 50 larger than 
theirs, because of the larger projected volume and the deeper 
photometry. With this correction (i.e. a factor of 50), our ob- 
served correlation between the fraction of galaxies with Ha 



emission and £ (Fig. 1131 is in good qualitative agreement 
with the local relation. A more precise comparison is diffi- 
cult because, in addition to the un certain correction to the 
density scale, iBaloeh et ail (l2004bl) measure the fraction of 
galaxies with W (He*)> 4 A, while our photometric uncer- 
tainties limit our analysis to the fraction with much stronger 
emission, W (Ha+[Nn])> 40 A (e.g. Fig. IT51. Additional 
uncertainties are associated with the selection band and the 
magnitude range of the surveys. However, it appears that 
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Figure 18. The (B - R) c colour distribution of CI 0024, as a 
function of luminosity and local, projected density (£, in units of 
Mpc -2 ), is shown as the open histograms. The solid histograms 
show the subset of galaxies detected in Ha. In each panel, we 
label the value of fi jj a , which is the fraction of galaxies bluer 
than (B - R) c = 2 with Wo(Ha)> 40 A. 
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Figure 19. The background— corrected colour distribution of 
galaxies in the NW clump {bottom panel) and in regions outside 
this clump, but at similar local projected densities (top panel). 
The shaded histograms show the colour distribution of galaxies 
detected in Ho emission. In each panel we label the average value 
of S, and the fraction of blue galaxies ((B — R c ) < 2) with Ha 
emission. 



Figure 20. Bottom panel: The total SFR within 0.5 i?200! is 
shown as a function of redshift for CI 0024 and four other clus- 
ters with deep Ha observations, either from imaging data (solid 
circles) or aperture spectroscopy (open circles). Top panel: We 
show the total SFR within 0.5/J200 divided by the total mass 
A^200; f° r th e same clusters. The uncertainties are based on the 
number of galaxies contributing to the sum, and do not include 
the uncertainties on the mass estimates. The diam ond symbol 
shows the effect of assuming the mass estimat e of iFinn e^al 



(2004) for CLJ0023+0423B, rather than that of iPostman et al 



( 1998). The solid lines shows different scalings with (1 + z), as a 
guide. 



the correlation between galaxy population and local density 
has not evolv ed radically betwe en z ~ 0.4 and z ~ 0.1. 

Recently. IFinn et alJ i2004t) attempted to compare the 
total SFR within clusters as a function of redshift and veloc- 
ity dispersion. To make a similar comparison, we measure 
the total amount of star formation within 0.5i?200, which 
corresponds to ~ 0.85 Mpc for CI 0024. Within this radius, 
we detect 56 galaxies and a total SFR of ~ 253±34 Mq yr~ 1 . 
Most of this SFR (> 97 per cent) comes from galaxies with 
SFR> 1 M Q yr _1 , where our sample is complete. Further- 
more, even including all galaxies with W (Ha+[Nll])> A 
in the total, a clear overestimate due to large photometric 
errors at faint magnitudes, only increases the total SFR by 
~ 17 per cent. Therefore, we do not expect our incomplete- 
ness to have a large effect o n this calculation. 

Following IFinn et alJ J2004I) we compare this num- 
ber with t he total SFR within 0.57?2oo of the clus- 
ters A 2390 jBalqgh fc Morris! 12000]) . A 1689 iBaloeh et alJ 
l2002bl). AC 114 JCouch et aljboOll) . and C1J0023+0423B 
jFinn et aill2004h . In so doing, we include a correction for 
sampling fraction and aperture bias for the spect roscopic re- 
sults o f A 1689 and AC 114, that was neglected bv lFinn et alJ 
i2004l) : this amounts to an increase in the total SFR by 
a f actor ~ 2.8 in the se clusters. We adopt the -R200 given 
by IFinn et ail i2004l) , except for A 1689, whe r e we take 
-R200 = 1.6 Mpc from lKing. Clowe, fc Schneiderl J2002I) . 
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In the bottom panel of Fig. 1201 we first compare the 
total SFR within 0.5i?200 of these five clusters. There is 
no apparent trend with redshift. There is a large scat- 
ter - with AC 114 and CI 0024 differing by nearly an or- 
der of magnitude bet ween the two clusters. We now fol- 
low iFinn et alJ i2004t) and normalise these SFR totals by 
the cluster masses. For CI 0024, A 1689 and AC 114 we 
will use the lensing masses of 5.7x10 14 Mt, feneib et all 
120031) . 8.1xl0 1 4 M^ <King. Clowe, fc Schneider! 120021) . and 
7.3xlO 14 M jNataraian et alJ Il99gft . respectively. For 
A 2390 we use the X-ra y mass derived from Chandra obser- 
vations, 13.6xl0 14 M Q jAllen. Ettori. fc FabianlbOOlT) . and 
for CI J0023+0423B we take the average o f the projected 
and a nnular mass estimates within 714 kpc llPostman et alJ 
1998), and apply a small correction to scale the mass to 
R 200 = 614 kpc. This gives a mass of 2.3 ± 1.2 x 10 14 M Q , 
where the uncertainty includes an estimate of the systematic 
uncertainty, taken to be the difference between the projected 
and annular mass measurements. The results are shown in 
the top panel of Fig. 1201 and again show a strong scatter - 
which likely exceeds any redshift evolution within the sam- 
ple. We limit the evolution to be a factor ~ 4 out to z ~ 0.8. 
However, we have not accounted for systematic uncertain- 
ties in the mass estimates, which can be important because 
they are no t all ca lculated using the same technique. In fact, 
IFinn et alJ i2004T) claimed to find a stronger trend in nor- 
malised SFR with redshift; this is due to the use of mass 
estimates based on a simple scaling of velocity dispersion or 
X-ray luminosity. In particular, their dynamical mass esti- 
mate (based on a simple scaling of velocity dispersion) for 
CI J0023+04 23B is a factor ~ 2-4 l ower than the one we have 
derived from lPostman et al.l (ll998T> : adopting this mass gives 
the diamond point in Fig. I20l and implies stronger evolution 
out to z ~ 0.8. 

On the basis of these five clusters it is not possible to 
draw strong conclusions about the amount of evolution in 
the mass-normalised SFR in clusters. The data suggest a 
large range in the total SFR per unit cluster mass at a fixed 
redshift, with limits on the evolution with redshift which are 
comparab le to or even stronger than that seen in the general 
field fe.g. lLillv et alJl996tlWilson et all2002l) . However, any 
evolutionary trend is particularly sensitive to the mass es- 
timate for C10023J+0423B, and would have to ignore the 
low SFR in AC 114. Although the results are intriguing, a 
larger sample of clusters is clearly needed. Furthermore, the 
sensitivity of Ha to instantaneous star formation may mean 
that tests such as the above are strongly affected by small 
changes in the recent dynamic history of the cluster, for 
example. Averaging over larger cluster samples (or using in- 
dicators of star formation over longer time-scales) will allow 
us to overcome this sensitivity. 



5.2 Galaxy transformations? 

A possible explanation for the observed trends with local 
density and radius is that interactions with the surround- 
ing environment transform galaxies from one type to an- 
other. Below we discuss specific observations which support 
this hypothesis and help to constrain the underlying mech- 
anisms. 



5.2.1 The shape of the Ha luminosity function 

We found that the distribution of Ha strengths, for those 
galaxies detected in Ha, is not strongly dependent on en- 
vironment. A similar phenomeno n is observed at low red- 
shift, bo th in terms of galaxy SFR (Bal ogh et al.l2004bT) and 
colours jBalogh et al.ll2004al) . Since the fraction of emission 
line galaxies depends strongly on local environment, this 
means that any transformation in galaxy properties must 
occur on a short time-scale, so that a substantial popu- 
lation of galaxies with low but present star formation is 
never dominant. For example, if transformations occur at 
a uniform rate with redshift, and are due to a decline in 
star formation over a time-scale of > 1 Gyr, the fraction of 
galaxies in a transition state at any given epoch would be 
1/13.7 = 7.3 per cent, assuming a Hubble time of 13.7 Gyr. 
Although this is a small fraction of the total population, in 
dense environments (where few galaxies are forming stars 
at any rate) it would represent a large proportion of those 
galaxies detected in Ha. At £ > 90 Mpc -2 , only ~ 35 per 
cent of galaxies are detected in Ha and, in the above model, 
we would expect ~ 21 per cent of them to have abnormally 
low SFR; this would easily be detectable as a change in the 
shape of the Ha luminosity function. Therefore, we suggest 
that the time-scale for truncating star formation must be 
< 1 Gyr. An alternative explanation is that the transfor- 
mations occurred at much earlier times; however, the strong 
evolution in the fraction of star forming galaxies relative to 
z = clusters makes this seem unlikely. 

5.2.2 Passive spiral galaxies 

The presence of spiral galaxies with little or no star for- 
mation, which we call "passive spirals", are the most di- 
rect evidence we have that galaxies may transform from 
one morphological type to another via changes to the SFR 
fe.g. ICouch et alJ|l998l: iPoggianti et alJll9991: fealogh et all 
l2002a ). Recently. iGoto et alTil2003lJ) have suggested, using 
SDSS data, that such galaxies are associated with the infall 
regions of clusters. Of the 63 spectroscopic member galaxies 
in CI 0024 with spiral morphologies (classification 3-6) as 
determined from HST data, 22 (35 ± 7 per cent) are unde- 
tected in Ha emission. This is a much larger fract i on tha n 
the 0.28 per cent found in the local field lGoto et alJ (l2003bl) . 
and con sistent with the ~ 20 per cent observed in distant 
clusters dPoggianti et al]ll999l) . Most of the passive galaxies 
in our sample are actually detected in Ha absorption over the 
full spatial extent, and two are post-starburst galaxies (see 
below). None of the galaxi es are detected spectroscopically 
in [On] (Czoskc et al. 200^), and they are found throughout 
the cluster region, with no preference for either the cen- 
tre or the outskirts. These galaxies have a range of colours, 
though most are quite red, and only 8/22 (36 per cent) are 
bluer than (B - R) c = 2.0. 

This supports a scenario in which environmentally- 
induced changes to the SFR are at least partially indepen- 
dent from morphological changes and, in particular, that 
star formation is the more sensitive of the two. It is possible 
that some morphological transformation occurs on a longer 
time-scale, b y the fading of a disk in whic h star formation 
has stopped dBekki. Couch, fc Shio va 2002). An alternative 
possibility is that the truncation of star formation and mor- 
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phology is driven by different physicai mechanisms. This is 
supported by our results that show the truncation of star 
formation may take place at large radii, ;> 1 Mpc, while 
the fraction of spiral and irregular galaxies remains con- 
stant beyond ~ 0.5 Mpc. This may suggest that the SFR 
responds quickly when galaxies reach the outskirts of clus- 
ters, while another physi cal mechanism(s), such as harass- 
ment (iMoore et alJll99Sh . may play a role in transforming 
the morphologies later on when the galaxies approach fur- 
ther inside the cluster core. If the decline of SFR was more 
gradual, the trend with density would be less sharp, and the 
distinction from the morphological trend would be less clear. 



5.2.3 Galaxies with strong HS absorption 

Finally, we consider another unusual class of galaxy, com- 
prised of those with atypically strong H5 absorption. In 
particular, the existence of such galaxies without the ex- 
pected emission lines arising from ionized gas have been in- 
voked as evidence for a recent trun cation of star formation, 
perhaps preceded by a starburst iDressl exJgGhuinl |l_982|; 
Couch fe Sharpie si Il987t iPoggianti et al.l Il999t I jpto et all 
2003a). In Fig. 1211 we show the correlation between 
Wo(Ha+[Nll]) and W (H<$), for spectroscopically confirmed 
cluster members. The H5 measurements are ta ken from the 
spectroscopic catalogue of ICzoske et al.l i200 ilk this line is 
measured only for those galaxies in which it is particularly 
strong. Of the 243 spectroscopic members, 9 (4 ± 1 per 
cent) have W^HiJ) > 4 A and no detectable emission, ap- 
proximately consistent or slightly la rger than the fraction 
in clusters at si milar redshifts (e.g. IPoggianti et alJll999t 
iTran et al]l2003ft . All of these galaxies are located > 3 ar- 
cmin (> 1 Mpc) from the cluster centre. Unfortunately, the 
interpretation of these galaxies is not straightforward, as a 
simple cut in VK (H<5) is insufficient to constrain the star for- 
mation history without ambiguity. However, it is clear that 
the data are at least consistent with a substantial popula- 
tion of post-starburst galaxies. Since the duty cycle of such 
galaxies is likely to be short, even a small population can 
be indicative of a more widespread phenomenon. The exis- 
tence of these galaxies, and the passive spiral galaxies noted 
above, are good evidence that short time-scale transforma- 
tions are taking place in the field around CI 0024. However, 
there are too few to pinpoint any particular environment as 
the cause. 

In addition, we see a very small number of galaxies with 
W (m) > 4 A and W„([Oll]) < 10 A, but which exhibit 
strong Ha emission, W (Ha+[Nn]) > 30 A (these are some 
of the galaxies lying below the correlation in Fig.|lJ. These 
apparently post-starburst galaxies are likely to be highly- 
obscured, starbursts (where the [On] e mission is sup p ressed 
by dust) similar to those d iscussed by ISmail et alJ dl999l) 
and IPoggianti fc Wul fcOOOli . 

5.2.4 Summary 

All the above evidence implies that any transformations oc- 
curring in the galaxy star formation rate must take place 
on relatively short time-scales, in a manner that is indepen- 
dent of the morphological transformation. The fact that the 
fraction of star-forming galaxies is reduced so far from the 




W.(Ha + [NIl]) emission (A) 

Figure 21. The H<5 a bsorption line equiva lent width, from the 
spectroscopic sample of|^zoskc ct al. (2001), is shown as a func- 
tion of Wo (Ha+[Nll]), for spectroscopically-confirmed cluster 
members. Triangles are H« detections, while circles are non- 
detections. Open symbols have [On] equivalent widths < 10 A, 
while filled symbols have detectable emission with > 10 A. 1-cr 
error bars are shown on H<5 only, for clarity. 



cluster centre (> 1 Mpc) means that ram pressure strip- 
ping of the cold gas through intera ction with the intra- 
cluster medium flOunn fc Ootllll972h is unlikely, although 
a significant fraction of galaxies at this radius may have al- 
ready passed t hrough the cluster core jMamon et alJl2004l : 
ICill et all f2004i. A second possibility is that galaxy-galaxy 
interactions induce transformations (e.g .lMoore et alJll999l : 
iHashimoto fc Oemleil boOOt lLambas et al.ll2003h . although 
the fact that the morphological transformation appears to 
be decoupled from the decline in star formation may prove 
a challenge for this interpretati on. A final possibility are the 
so-called strangulation models l|L arson. Tinslev. fc Caldwell 
ll98CUBalogh Navarro, fc MorrufeOOCft in which a purported 
halo of hot gas is stripped from galaxies in dense environ- 
ments, leading to a gradual winding down of star formation 
as the remaining cold, disk gas is consumed. Although this 
may be effective in relatively low density environments, the 
time-scale for the truncation of star formation is typically 
.> 1 Gyr, which may be too long to accommodate our ob- 
servations that the shape of the Ha luminosity function is 
insensitive to environment. 

The fact that the correlation between galaxy properties 
and local density is already in place in this cluster at 2 = 
0.4, in a sense that is qualitatively similar to that observed 
at z = 0, may mean that the predominant transformation 
mechanism occurs before galaxies are accreted into clusters. 
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6 CONCLUSIONS 

We have used deep, panoramic multicolour imaging of 
CI 0024.0+1652 to trace the galaxy population from the clus- 
ter core to the outskirts. We find the following: 

1. The correlation between galaxy star formation rate 
and local environment is already well established in CI 0024 
(z ~ 0.4). The fraction of galaxies detected in Ha is a strong 
function of local projected density and cluster-centric radius. 
The sense and magnitude of thi s trend is qualitative ly sim- 
ilar to that seen at low redshift fealoeh et aljl2004bl) . 

2. The shape of the Ha luminosity function is gener- 
ally independent of environment, and consistent with th e 
z ~ 0.7 field luminosity function of iTresse et alJ {2002). 
However, we detect a factor ~ 3 brightening in the char- 
acteristic luminos ity relative to lower redshift clusters and 
the z ~ 0.24 field dBalogh fc Morrii200fllCouch et aJ200ll 
iBaloeh et al]|2002bt lUmeda et alJl2004F 

3. The cluster core has a significant population (35 ± 7 
per cent) of spiral galaxies without Ha e mission, consis- 
tent with other clusters at similar redshifts iPoggianti et alJ 
1999). There is also a small population of post-starburst 
galaxies in the outskirts of the cluster. 

4. The fraction of galaxies with significant star formation 
depends on environment far (j> 1 Mpc) from the cluster, 
while the fraction of spiral and irregular galaxies is only 
sensitive to environment within the inner ~ 0.5 Mpc. This 
suggests that the two correlations may not entirely arise 
from the same underlying physical mechanisms. 

5. Through a comparison with other studies of Ha emis- 
sion in clusters out to z = 0.8, we find that the total SFR 
within 0.5i?2oo and the SFR normalised to total cluster mass 
both show a large cluster-to-cluster variation with no de- 
tectable dependence on redshift, although it would be possi- 
ble for the latter to evolve as strongly as (1 + z) b (given the 
large scatter). However, this is dependent on the uncertain 
mass measurement of the most distant cluster. 

We conclude that the decrease in star formation activity 
in dense environments is likely due to the decline in SFR 
on relatively short time-scales, before mechanisms such as 
galaxy harassment transform the morphology of the galaxy. 
The actual mechanism responsible for truncating the star 
formation may occur even before galaxies are accreted into 
clusters. 
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